the phosphorylation of threonine residues in proteins regulates diverse processes in eukaryotic cells, and thousands of threonine phosphorylations have been identified. An understanding of how threonine phosphorylation regulates biological function will be accelerated by general methods to biosynthesize defined phosphoproteins. here we describe a rapid approach for directly discovering aminoacyl-trnA synthetase-trnA pairs that selectively incorporate non-natural amino acids into proteins; our method uses parallel positive selections combined with deep sequencing and statistical analysis and enables the direct, scalable discovery of aminoacyltrnA synthetase-trnA pairs with mutually orthogonal substrate specificity. By combining a method to biosynthesize phosphothreonine in cells with this selection approach, we discover a phosphothreonyl-trnA synthetase-trnA cuA pair and create an entirely biosynthetic route to incorporating phosphothreonine in proteins. We biosynthesize several phosphoproteins and demonstrate phosphoprotein structure determination and synthetic protein kinase activation.
the phosphorylation of threonine residues in proteins regulates diverse processes in eukaryotic cells, and thousands of threonine phosphorylations have been identified. An understanding of how threonine phosphorylation regulates biological function will be accelerated by general methods to biosynthesize defined phosphoproteins. here we describe a rapid approach for directly discovering aminoacyl-trnA synthetase-trnA pairs that selectively incorporate non-natural amino acids into proteins; our method uses parallel positive selections combined with deep sequencing and statistical analysis and enables the direct, scalable discovery of aminoacyltrnA synthetase-trnA pairs with mutually orthogonal substrate specificity. By combining a method to biosynthesize phosphothreonine in cells with this selection approach, we discover a phosphothreonyl-trnA synthetase-trnA cuA pair and create an entirely biosynthetic route to incorporating phosphothreonine in proteins. We biosynthesize several phosphoproteins and demonstrate phosphoprotein structure determination and synthetic protein kinase activation.
The phosphorylation of threonine residues in proteins is a key post-translational modification that regulates diverse biological processes including energy metabolism 1 , the cell cycle 2 , apoptosis 3 , and signal transduction pathways [4] [5] [6] . Analytical methods have identified thousands of threonine phosphorylations, but in many cases the function of these phosphorylations remains unknown 7, 8 . General routes to synthesize proteins that incorporate phosphothreonine at specified sites would accelerate and deepen our understanding of the functional consequences of threonine phosphorylation.
Genetic code expansion using orthogonal aminoacyl-tRNA synthetase-tRNA pairs 9, 10 forms the basis of powerful approaches for synthesizing proteins bearing defined post-translational modifications 11 and complements other approaches, including protein semisynthesis 12 . Two orthogonal synthetase-tRNA pairs-the Methanocaldococcus jannaschii tyrosyl-tRNA synthetase-tRNA CUA and the Methanosarcina barkeri and Methanosarcina mazei pyrrolysyl-tRNA synthetase (PylRS, encoded by PylS)-tRNA CUA pairs-have been extensively developed for non-natural amino acid incorporation. Evolved variants of these pairs enable the synthesis of proteins bearing several key post-translational modifications, including lysine acetylation, methylation, and ubiquitination 11 .
Phosphoseryl-tRNA synthetase (SepRS)-tRNA CUA pairs 13, 14 , derived from M. janaschii and Methanococcus maripaludis SepRS-tRNA Cys GCA 15, 16 , have been developed for the incorporation of O-phospho-L-serine (pSer, 1; for structures of all amino acids used in this study, see Supplementary Fig. 1 ), an amino acid present in the cell as a biosynthetic precursor to serine. We discovered a mutant SepRS-tRNA pair (referred to herein as the SepRS v1.0 -tRNA v1.0 CUA pair) that incorporates pSer, and its phosphonate analog, with an efficiency and fidelity comparable to that of other established orthogonal aminoacyl-tRNA synthetase-tRNA pairs that are widely used for genetic code expansion 13, 17 . However, this pair has not been evolved to incorporate non-natural substrates.
Evolving the SepRS v1.0 -tRNA v1.0 CUA pair for the site-specific incorporation of O-phospho-L-threonine (pThr, 2) into recombinant proteins is challenging; the active site of the SepRS-tRNA complex selects pSer over pThr by a factor of 10 4 (ref. 18) , and pThr only differs from pSer by the addition of a methyl group. Moreover, pSer is present in Escherichia coli at a concentration that allows pSer incorporation into proteins with the SepRS v1.0 -tRNA v1.0 CUA pair ( Supplementary Fig. 2 ), while the pThr concentration in E. coli is low. These features suggest that it would be extremely challenging to use existing aminoacyl-tRNA synthetase selection methods for the discovery of a pThr synthetase from SepRS v1.0 (refs. 10 and 19) .
Here we report an approach to generate millimolar concentrations of pThr in E. coli and also improve the orthogonality of the SepRS v1.0 -tRNA v1.0 CUA pair 4,000-fold. We develop and validate a rapid, parallelized, and scalable approach for discovering aminoacyl-tRNA synthetase-tRNA pairs that direct the incorporation of non-natural amino acids into proteins and so enable the identification of a phosphothreonyl-tRNA synthetase-tRNA CUA pair. We demonstrate the biosynthetic incorporation of pThr into recombinant proteins and exemplify the utility of our approach by solving the structure of a phosphorylated protein and synthetically activating a protein kinase via encoded phosphorylation.
for mutagenesis to all four bases. Nucleotide positions within this library (2:71, 3:70, 4:69) form identity elements (IEs) by which the E. coli aminoacyl-tRNA synthetases for glycine and valine recognize their cognate tRNAs 22 but are not identity elements for SepRS 23 (Fig. 2a) . The library was created with 3 × 10 9 clones, oversampling the theoretical diversity of 10 6 by 3,000-fold.
We selected active tRNAs from the tRNA v1.0 CUA (N10 IE) library, in the presence of SepRS v1.0 EF-Sep (a variant of EF-Tu) 14 , on the basis of their ability to direct read through of an amber codon in chloramphenicol acetyl transferase (cat) and confer chloramphenicol resistance ( Supplementary Figs. 4 and 7) . We screened surviving tRNA v1.0 CUA (N10 IE) library members for minimal read through of an amber stop codon at position 150 in GFP in the absence of SepRS v1.0 ( Supplementary  Figs. 4 and 7) .
We identified tRNAs, clones 8 and 13 , that are as active as tRNA v1.0 CUA with SepRS v1.0 but show a 4,000-fold decrease in read through of the amber stop codon in the absence of SepRS v1.0 (Fig. 2b,c ). Our data demonstrate that amber stop codon read through resulting from misaminoacylation of the tRNA by endogenous aminoacyl-tRNA synthetases has been minimized. When GFP (150TAG)-His6 was expressed and purified using the evolved pair, pSer was incorporated as expected ( Supplementary Fig. 8) .
In all the selected tRNAs (Fig. 2d) , the C2:G71 base pair-a canonical IE for Glycyl-tRNA synthetase 22 -is mutated. We conclude that the selection identifies nucleotides that are important for the activity of SepRS and/or discrimination against endogenous synthetases. We used clone 8, which we renamed tRNA v2.0 CUA , in further experiments.
rapid identification of amino-acid-selective synthetases via parallel positive selection Typically, serial rounds of positive and negative selection are used to discover synthetases with altered specificity 10, 19 . Despite their clear utility, current approaches do have certain limitations: (i) it is not possible to follow the enrichment of individual clones through the selection to identify when substantial enrichment has taken place or which clones are substantially enriched.
(ii) The activity and specificity of synthetase clones isolated by the selection is restricted by the dynamic range of negative selections-indeed, the most active clones may often be deleted from the gene pool by negative selections, even though the activity of the synthetase they encode in the presence of an added non-natural amino acid may be sufficient to outcompete endogenous amino acid incorporation 24 . (iii) It is not possible to directly identify mutually orthogonal synthetases that have specificity with respect to many other non-natural substrates. (iv) The individual clones isolated at the end of the selection are picked randomly without regard to their relative enrichment or sequence. The ability to find hits upon screening selection outputs is a function of the number of clones examined and the frequency of hits in the library following selection; this is in turn a function of the library size, the power of the selection steps to enrich the desired hits, the unknown frequency of hits in the library, and stochastic events. The serial positive and negative selection approach was challenging to implement for the discovery of pThr-specific synthetases from a SepRS library because (i) positive selections would enrich both SepRS variants that still incorporate pSer and those that might incorporate pThr, with the former SepRS variants likely to be substantially more abundant; and (ii) synthetases that direct the clean incorporation of phosphothreonine when endogenous pSer is present may incorporate pSer (which differs from pThr by only a single methyl group) in the absence of pThr. This would lead to substantial read through of the amber codon in the negative selection step and deletion of desirable clones from the selection.
To address these limitations, we tested the use of parallel positive selections in the presence and absence of non-natural amino acid coupled with deep sequencing and statistical analyses that compare sequencing read counts for each synthetase clone in the presence and absence of non-natural amino acid (Fig. 3a) . To demonstrate the power of this approach, we selected aminoacyl-tRNA synthetasetRNA CUA pairs that incorporate Nε-((1-(6-nitrobenzo[d] [1, 3] dioxol-5-yl)ethoxy)carbonyl)-L-lysine (3, an amino acid that has been used extensively to optically control diverse protein function [25] [26] [27] [28] or Nε-(carbobenzoyloxy)-L-lysine (CbzK, 4), using parallel positive selections on PylS libraries in which four (A276, Y271, L274, C313) or five (M241, A276, Y271, L274, C313) residues in the active site were mutated to all possible combinations ( Supplementary Figs. 9  and 10; Fig. 3b ). We identified multiple statistically significant hits from each selection ( Fig. 3c and Supplementary Figs. 10-13 ; see Supplementary Table 1 for sequences of all the aminoacyl-tRNA synthetase mutants in this study).
We compared the efficiency and specificity of nine synthetases that were significantly enriched from Lib1 (and present in selected Lib2 sequences) in the presence of 3. The efficiency and specificity of the synthetases we identified in a single round of selection were comparable to those of PCKRS evol , the best synthetase previously discovered for this amino acid by three rounds of classical positive and negative selection followed by screening of 96 clones 25 ( Fig. 3d,e and Supplementary Fig. 11 ). These experiments demonstrate the power of parallel positive selection and analysis for rapidly identifying synthetases for efficient and specific non-natural amino acid incorporation. that discriminate between non-natural amino acids, we performed parallel positive selections on Lib1 in the absence of non-natural amino acid, in the presence of non-natural amino acid 4, or in the presence of Nε-(((2-methylcycloprop-2-en-1-yl) methoxy)carbonyl)-L-lysine (5) (Fig. 4a) . We compared the abundance of each sequence following positive selection in the presence of 4 or 5 and following positive selection in the absence of any non-natural amino acid (Fig. 4b) and identified sequences that are only significantly enriched in the presence of one nonnatural amino acid or the other.
We characterized the amino acids incorporated by synthetase hits predicted to be selective for 4 (mutRS1, which contains the mutations Y271M, L274G and C313T), and 5 (mutRS2, which contains an A267S mutation) (Fig. 4c,d) . These experiments demonstrated that the mut1RS-tRNA Pyl CUA pair and the mut2RS-tRNA Pyl CUA pair direct the selective incorporation of 4 and 5, respectively. As predicted, when cells containing the mut1RS-tRNA Pyl CUA pair were provided with both 4 and 5, they selectively incorporated 4 in response to the amber codon in GFP(150TAG)-His6, as judged by MS analysis of the purified protein (Fig. 4d) . In contrast, and in line with our own predictions, cells containing the mut2RS-tRNA Pyl CUA pair provided with both 4 and 5 selectively incorporated 5 in GFP(150TAG)-His6, as judged by MS.
These experiments demonstrate that our approach provides a route to the direct identification of synthetases with defined selectivity, not only with respect to the twenty natural amino acids, but also with respect to defined non-natural amino acids. To our knowledge, it has not been possible to systematically select such mutually orthogonal synthetases using existing methods. Since positive selections may be performed with many different substrates in parallel, our approach provides a scalable route to the discovery of mutually orthogonal systems. The ability to rapidly discover synthetases with mutually orthogonal specificity may enable cell-and tissue-specific incorporation of distinct non-natural amino acids into proteins for multicolor imaging or multiplexed cell-specific proteomics 29, 30 . selecting a pthrrs-trnA v2.0 cuA pair Next, we aimed to use our selection approach to select a variant of the SepRS v1.0 -tRNA v2.0 CUA pair for the site-specific incorporation of pThr. We used the structure of Archaeoglobus fulgidus SepRS-phosphoseryl-tRNA Cys to model pThr in the active site of SepRS (Fig. 5a ) and identify residues to target for mutation to accommodate the methyl group of pThr. We designed a library, SepRS v1.0 (317-321 lib) in which M317, N318, L319, G320, and L321 (M. maripaludis residue numbering is used throughout) that lie along a beta strand are mutated to all 20 amino acids 31 . We created this library with 10 9 independent clones, exceeding the theoretical diversity of the library by 15-fold.
To 100  150  200  220  240  260  280  300  320  340  360  380  400  420  440 Cm (µg ml -1 ) the +pduX sample with respect to the −pduX sample after both rounds of positive selection; we therefore decided to remove false positives by testing the 16 clones for pThr incorporation. One pair, which we named pThrRS-tRNA v2.0 CUA , led to the quantitative site-specific incorporation of pThr into recombinant proteins (see below). pThrRS contains the mutations G320A and L321Y, with respect to SepRS v1.0 . expression of recombinant phosphoproteins for structural and biochemical studies To create a system for producing recombinant proteins that site-specifically incorporate pThr, we cloned the genes encoding pThrRS-tRNA v2.0 CUA , EF-Sep, and PduX into a high-copynumber pUC-based plasmid. In this system, PduX catalyzes the biosynthesis of pThr from L-threonine, and pThrRS catalyzes the aminoacylation of tRNA v2.0 CUA with pThr for cotranslational incorporation into proteins in response to an amber stop codon in a gene of interest (Fig. 5c) .
To test for pThr incorporation, we cotransformed this pUC-based plasmid with a pNHD GFP (150TAG)-His6 plasmid, for production of sfGFP, into BL21 (DE3) ∆serC E. coli (deletion of serC minimizes intracellular pSer). Using this system we expressed 5 mg of GFP per l of culture (Fig. 5d) ; thus the evolved pThrRS directs the incorporation of pThr with an efficiency comparable to that with which SepRS incorporates its natural substrate, a conclusion supported by several additional experiments (Supplementary Fig. 15 ). GFP expression was strongly PduX dependent, and more weakly EF-Sep dependent (Supplementary Fig. 16 ), consistent with previous observations 13 . pThr was incorporated with high fidelity in response to the amber stop codon ( Fig. 5e ; for all electrospray ionization tandem mass spectrometry (ESI-MS/MS) analysis, see Supplementary Fig. 17) . Additional experiments demonstrated the genetically encoded incorporation of two phosphothreonines in a single polypeptide (Supplementary Figs. 17 and 18) .
To investigate the generality of our approach, and to install pThr at native sites of phosphorylation identified in eukaryotic cells, we expressed ubiquitin (Ub)-bearing pThr at position 12 or 66 (ref. 32) . The kinases that install these phosphorylations are unknown, and these phosphoproteins have not, to our knowledge, previously been synthesized.
Production of Ub bearing pThr at position 12 was strongly PduX dependent, consistent with the pThrRS aminoacylating tRNA v2.0 CUA with pThr. However, the resulting protein contained a mixture of threonine and phosphothreonine, and similar results were obtained when we directed the incorporation of pThr at position 66 of Ub or into other proteins ( Supplementary  Fig. 19 ). We hypothesized that an E. coli phosphatase dephosphorylates phosphothreonine incorporated into these proteins (or aminoacylated onto tRNA v2.0 CUA ), and that deletion of the relevant phosphatase would enable the production of proteins that retain encoded phosphorylation.
To identify the phosphatase responsible for pThr dephosphorylation, we deleted individual candidate genes in E. coli and screened these deletion strains for the production of Ub that is homogeneously phosphorylated at position 12 ( Supplementary Fig. 20) . Deleting a single putative phosphatase, ycdX, enabled the production of homogenously phosphorylated ubiquitin; and additional experiments demonstrated the generality of this approach for homogeneous pThr incorporation at different sites and in different proteins (Supplementary Figs. 17 and 19; Fig. 6 ). To demonstrate the utility of our approach for producing homogeneously phosphorylated proteins for structural biology, we grew crystals of Ub-incorporating phosphothreonine at position 12 and solved the structure of this phosphoprotein at 1.07 Å (Fig. 6d and Supplementary Fig. 21 ). The structure shows clear density for two rotamers of phosphothreonine and demonstrates that the amino acid we have biosynthesized and incorporated into proteins has the correct stereochemistry at both the alpha and beta carbon of phosphothreonine. The root mean square deviation (r.m.s.d.) from unmodified Ub is small, 0.595 Å, as expected ( Supplementary Fig. 21 and Supplementary Table 2) .
To demonstrate that our system enables the efficient incorporation of pThr in the activation loop of a protein kinase, we expressed cyclin-dependent kinase 2 (Cdk2), a key kinase that controls the eukaryotic cell cycle and is activated by phosphorylation on Thr160 (Fig. 6e) . We expressed and purified the catalytically inactive Cdk2(D145N, 160TAG) mutant (we used this mutant to avoid autophosphorylation and aid characterization of pThr incorporation by MS) in cells expressing the pThr incorporation machinery and demonstrated the genetically encoded incorporation of pThr at position 160 by ESI-MS and MS/MS ( Fig. 6f and Supplementary Fig. 17 ). We then expressed and purified Cdk2(pThr160) from cells containing Cdk2(160TAG) and the pThr incorporation machinery and confirmed pThr at position 160 by MS/MS. Cdk2 (pThr160) was much more active than wild-type Cdk2 in phosphorylating histone H1 (Fig. 6g) , demonstrating synthetic kinase activation through encoding pThr in the activation loop.
discussion
We report a rapid, scalable approach for discovering orthogonal aminoacyl-tRNA synthetases that incorporate non-natural amino acids into proteins. Our approach addresses many of the limitations of previous strategies and allows the direct identification of synthetases with mutually orthogonal substrate specificity. We anticipate that our approach will be extended to the selection of other translational components with new specificities. More generally, we provide a robust foundation for coupling directed evolution, deep sequencing, and statistical analysis to the direct and scalable identification of mutants with desired specificities.
The pThrRS-tRNA v2.0 CUA pair enables the biosynthesis of proteins containing pThr; here we demonstrate its utility for structural biology and synthetic kinase activation. We anticipate that this approach will facilitate an understanding of how threonine phosphorylation regulates diverse biological processes. It will be interesting to investigate the scope of non-natural substrates that may be incorporated by future directed evolution of the SepRS v1.0 -tRNA v2.0 CUA pair. CUA , OXB20-PduX, and EF-Sep were assembled into a pUC vector. Another pUC-based vector comprised of pThrRS, tRNA v2.0 CUA , and EF-Sep was made as control. DNA fragments encoding human ubiquitin and Cdk2 were cloned into a pNHD vector as described 17 . The 12 th codon of ubiquitin ORF was mutated to TAG to give pNHD_Ub 12TAG ; the 66 th codon of ubiquitin ORF was mutated to TAG to give pNHD_Ub 66TAG ; and the 160 th codon of Cdk2 ORF was mutated to TAG to give pNHD_Cdk2 160TAG . The 145 th codon of Cdk2 ORF was further mutated to give pNHD_Cdk2 D145N and pNHD_ Cdk2 D145N/160TAG . A CDF-based vector overexpressing serB, pCDF_SerB_EF-Sep, was described earlier 13 . pRSF vectors containing GST(TAG)CaM or riboQ1 rRNA with O-GST(TAG)CaM were described earlier 33, 34 .
Strain generation. The serC gene from DH10B cells (NEB) was disrupted using the GeneBridges Counter-Selection Kit to give DH10B ∆serC. DH10B ∆serB cells and BL21 (DE3) ∆serB cells were described 13 . Genes in BL21 (DE3) were deleted using lambda red recombination (GeneBridges E. coli Gene Deletion Kit). The serC gene was disrupted in BL21 (DE3) (Invitrogen) to give BL21 (DE3) ∆serC by replacing the ORF of serC with a DNA fragment containing a chloramphenicol resistance gene (CmR) and sacB gene 35 . The selection cassette was removed by recombination and selection on Luria Bertani (LB) agar plates supplemented with sucrose to a concentration of 7.5% (w/v). Then, each of the five phosphatase genes aphA, phoA, ycdX, pgpA, and pgpC were individually knocked out by replacing the ORF with CmR-SacB selection cassette to give BL21 (DE3) ∆serC ∆aphA, BL21 (DE3) ∆serC ∆phoA, BL21 (DE3) ∆serC ∆ycdX, BL21 (DE3) ∆serC ∆pgpA, and BL21 (DE3) ∆serC ∆pgpC.
PylS library creation. PylS library 2 (M.
barkeri PylS residues M241, A267, Y271, L274, and C313 randomized to NNK) corresponded to the previously reported PCK-RS 'up' library 25 .
To derive PylS library 1 (M. barkeri PylS residues A267, Y271, L274, and C313 randomized to NNK), position M241 was fixed by EI-PCR using PrimeStar Max DNA polymerase (Clontech) with the following primer pair: 5′-GCGCAGGTCTCAGAACG TNDTGGCATTAACAACGACACCGAACTGAGCAAAC-3′ (F) and 5′-gcgcaGAGTAGGTCTCAGTTCCACATATTCCGCCG-GAATCAGAATC-3′ (R).
The PCR products were gel extracted, digested by BsaI, recircularized by T4 DNA ligase, and electroporated into DH10B-competent cells to create a library with a diversity of ≈10 9 colony-forming units (c.f.u), exceeding the theoretical diversity of the library. The DNA pool was then extracted by DNA midiprep and frozen.
Parallel positive selections on PylS libraries. PylS library 1 or 2 was transformed into DH10B cells with pREP_PylT_ CAT 112TAG to a diversity of 5 × 10 9 c.f.u. The transformations were done in triplicates and incubated at 37 °C. After overnight incubation, plasmid DNA from each unselected library was extracted and stored at −20 °C until needed for further use. From each overnight culture, 1 ml of cells was diluted into 10 ml fresh LB medium supplemented with 1 mM non-natural amino acid (3, 4, or 5); and 1 ml of cells were diluted into 10 mL fresh LB medium not supplemented with non-natural amino acid. The cultures were grown until OD 600 = 0.6. From each culture, 2 ml of cells was spread onto LB plates supplemented with 100 µg/ml chloramphenicol in the presence or absence of 1 mM non-natural amino acid. The plates were incubated at 37 °C for 40 h. After incubation, colonies on each plate were washed off and collected in PBS buffer, and plasmid DNA was extracted.
For sequential rounds of positive selection in Supplementary  Figure 10 , the extracted plasmid DNA from the first round of selection was electroporated into a fresh batch of DH10B cells with pREP_PylT_CAT 112TAG , and the positive selection protocol was restarted. Each positive-selection replicate was transformed separately.
SeptRNA v1.0
CUA (N10 IE) library generation. To create the SeptRNA v1.0 CUA (N10 IE) library, ten bases (including C2:G71, C3:G70, G4:C69, G6:C67, and G10:C25) were randomized by enzymatic inverse PCR (EI-PCR) using PrimeStar Max DNA polymerase (Clontech). The PCR product was gel extracted, digested with BsaI, recircularized using T4 DNA ligase, and electroporated into DH10B-competent cells to create a library with a diversity of ≈3 × 10 9 c.f.u, surpassing the required theoretical diversity of 10 6 c.f.u. The DNA pool was then extracted by DNA midiprep and frozen. Transformed cells were grown overnight in LB at 37 °C. Then, 10 ml of the overnight culture was diluted into 500 ml fresh LB medium supplemented with 1 mM IPTG and incubated at 37 °C until OD 600 = 0.6. 2 ml of this culture was spread onto LB plates with 1 mM IPTG and 100 µg/ml chloramphenicol. The plates were incubated at 37 °C for 40 h.
After incubation, colonies on the plates were washed off and collected in PBS buffer, and the plasmids were extracted by DNA midiprep. To remove the pCDF vector, the extracted DNA was digested with NcoI and KpnI restriction endonucleases and repurified using a PCR purification kit (Qiagen). The remaining SeptRNA v1.0 CUA library vector was further cotransformed into DH10B cells with pCDF_EFSep and pNHD_sfGFP 150TAG , and the transformed cells were spread onto LB plates and incubated at 37 °C for 16 h.1,890 colonies were picked from the plates using a Qpix 420 automatic colony-picking system and inoculated into 80 µl fresh LB supplemented with 1 mM IPTG and 0.2% L-arabinose in five 384-well plates. The plates were incubated at 37 °C, and the OD 600 and GFP signals (λ ex = 485 nm, λ em = 520 nm) of each well were recorded after 24 h by Tecan plate reader (Thermo Fisher).
Cells from 15 wells with the lowest GFP/OD 600 ratios were diluted and grown in fresh LB medium, and the vector containing SeptRNA v1. 
SepRS library generation.
Guided by the structure of the Archaeoglobus fulgidus SepRS-tRNA Cys -O-phosphoserine ternary complex (PDB ID: 2DU3), residues M317, N318, L319, G320, and L321 on Methanococcus maripaludis SepRS were chosen for randomization by EI-PCR using primers mixed based on 'small-intelligent' principles 31 . The PCR products were gel extracted, digested by BsaI, recircularized by T4 DNA ligase, and electroporated into DH10B-competent cells to create a library with a diversity of ≈10 9 c.f.u, surpassing the required 1.3 × 10 7 c.f.u. The DNA pool was then extracted by DNA midiprep and frozen. SepRS v1.0 (317-321) library parallel positive selection. For the first-round selection, SepRS v1.0 (317-321) library was cotransformed into DH10B ∆serC cells with pCDF_OXB18-PduX_ EFSep_CAT 112TAG or pCDF_EFSep_CAT 112TAG to a diversity of 10 9 c.f.u. The transformations were done in triplicates and incubated at 37 °C. After overnight incubation, 10 ml of cells from each culture was diluted into 500 ml fresh LB medium supplemented with 1 mM IPTG and grown until OD 600 = 0.6. 2 ml of cells from each culture was spread onto LB plates supplemented with 1 mM IPTG and 100 µg/ml chloramphenicol. The plates were incubated at 37 °C for 40 h. After incubation, colonies on each plate were washed off and collected in PBS buffer, and the plasmids were extracted by DNA midiprep, yielding six plasmid pools with three replicates for +PduX and three for −PduX.
For the second-round selection, a plasmid pool from the firstround selection in the presence of PduX was transformed again into DH10B ∆serC cells with pCDF_OXB18-PduX_EFSep_ CAT 112TAG ; and a plasmid pool from the first-round selection in the absence of PduX was transformed again into DH10B ∆serC cells with pCDF_EFSep_CAT 112TAG . Transformation diversities were all above 10 9 c.f.u. The rest of the selection process was identical to that of the first-round selection. Finally, the plasmids were extracted from cells on each plate by DNA midiprep, and this yielded six plasmid pools with three replicates for +PduX and three for −PduX. Plasmid pools from two rounds of parallel positive selections were then prepared for deep sequencing.
Deep-sequencing sample prep and sequencing. Illumina adaptor sequences were attached by PCR of purified, plasmid-borne DNA selection samples using primers that contained Illumina adaptor sequences on their 5′ overhangs. From 5′ to 3′, both the forward and the reverse primer consisted of the following: (i) Illumina adaptor (forward 'P5' primer sequence: AATGATACG GCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT CTTCCGATCT, reverse 'P7' primer sequence: CAAGCAGAAGA CGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGC TCTTCCGATCT), (ii) four degenerate nucleotides (NNNN), (iii) hexanucleotide barcode sequence to allow for sample multiplexing (Supplementary Table 3) , and (iv) primer-binding sites specific to the sequences flanking the library sites (for PylS sequencing: F: CGGCGGAATATGTGGAAC, R: CAGCCGCTGCCCATT; for SepRS sequencing: F: CATCCGAAACTTAAGGAATGGCTGGA, R: GCTAATCATCGCTAGCCGCTCA). Barcode sequences were designed using a previously reported approach 36 . For PCR, samples of 20 µL volume were prepared using the KAPA HiFi HotStart ReadyMix (Kapa Biosystems) according to the manufacturer's instructions. Thermal cycling was conducted in a TAdvanced (Biometra) cycler as follows: PCR products were purified by gel extraction using the E-Gel SizeSelect Agarose Gel 2% kit according to the manufacturer's instructions. For quantification of DNA concentration, quantitative PCR (qPCR) was used. PCR products were diluted 1:10 6 , and qPCR was performed in triplicates using the Illumina Complete Kit Universal (Kapa Biosystems). DNA concentration was determined based on C T values by linear fitting of the sample data with the log-transformed values obtained for the kit's concentration standards. DNA samples were diluted to 2 nM. Up to 40 samples were multiplexed per sequencing lane. The samples were denatured to single-stranded DNA and prepared for deep sequencing according to the instructions given in the MiSeq Reagent Kit v2 (300-cycles) by Illumina. To reduce the sequence homogeneity, the sequencing-ready sample was spiked with Illumina PhiX Control v3 to a final ratio of 10%. Deep sequencing was performed on a MiSeq Sequencer (Illumina), which yielded 16 million reads per lane. Subtracting the fraction of reads aligning to the PhiX genome and assuming 40× multiplexing, up to 360,000 reads per sample were obtained.
PylS phenotyping by bacterial culture fluorescence assay. E. coli strain DH10B bearing plasmid pBAD-pylT-sfGFP TAG150 was electroporated with pBk-PylS plasmid variant bearing a PylS mutant. Single colonies were derived and grown to density overnight in LB medium. Each overnight culture was used to inoculate LB medium in a multiwell plate supplemented with 0.2% L-arabinose + 1 mM non-natural amino acid and LB medium supplemented with 0.2% L-arabinose and with no non-natural amino acid. The multiwell plate was incubated at 37 °C, 400 r.p.m. for 16 h. Readings of green fluorescence (λ ex = 485 nm, λ em = 520 nm) and OD 600 were taken for each well using a M200 Pro Plate Reader (Tecan).
Protein labeling with tetrazine-conjugated dye. Protein labeling was performed as previously described 37 .
E.coli cell extraction for intracellular pThr concentration measurement. A cell-extraction method was developed 38 . In 50 ml Falcon tubes, 15 ml cultures of DH10B ∆serC cells were incubated in LB at 37 °C for 16 h. To measure the import of pThr, 1 mM pThr (Sigma-Aldrich) was supplemented into the LB medium. After incubation, the OD 600 was measured from a ten-fold dilution, and the cells were harvested by centrifugation at 4,000 g for 15 min. The resulting cell pellets were resuspended in 1 ml of ice-cold LB media. The suspension was transferred to a 2 ml Eppendorf tube. The cells were pelleted by centrifugation at 6,000 g for 5 m. The supernatant was removed by carefully pipetting off of the top. The pellet was washed three more times by the same suspension-centrifugation method. The final pellet was resuspended in 400 µl of 40:60 methanol:water. To the suspension was added 300 mg of 0.1 mm cell-disruption beads. The samples were vortexed for 12 min to lyse the cells. The resulting lysate was centrifuged at 21,000 g for 30 min at 4 °C. From the supernatant, 300 µl was pipetted into a fresh 1.5 ml conical Eppendorf tube. The samples were centrifuged again at 21,000 g for 2-3 h at 4 °C. From the top of the supernatant, 100 µl was removed for LC-MS analysis.
To measure the intracellular concentration of pThr with PduX overexpressed, DH10B ∆serC cells transformed with pCDF_T5-PduX, pCDF_OXB18-PduX, or pCDF_OXB20-PduX were incubated in LB at 37 °C for 16 h. DH10B ∆serC cells without transformation were incubated under the same conditions as control. The cytosol extraction was as described above for other samples.
LC-MS method and data analysis (for amino acids).
The clarified lysates were pipetted into 250 µl glass inserts (Agilent). An Agilent 1260 Infinity equipped with an Agilent 6130 Quadrupole LC-MS unit was used for analysis of all samples. From each sample, 5 µl was injected onto a Zorbax SB C18 column, 4.6 × 150 mm equipped with a guard column (Agilent). The sample was eluted from the column using a mobile phase gradient from 0.5% to 95% acetonitrile containing 0.02% formic acid. The mass spectrometer was set to selected ion monitoring (SIM) mode. The ions monitored were 200 m/z in the positive mode and 198 m/z in the negative mode. Standards of 5, 10, 20, 50, and 70 µM of phosphothreonine in water were prepared and analyzed on the same day. A lysate sample obtained from E. coli grown in the absence of the non-natural amino acid was spiked with phosphothreonine to a final concentration of 10 µM. The peak areas corresponding to phosphothreonine were compared between the phosphothreonine-spiked sample and the 10 µM phosphothreonine standard. There was negligible difference between these peak areas, indicating that minimal ion suppression occurs during ionization of the clarified lysates.
A linear fit of the standard samples was used to determine the concentration of phosphothreonine in the lysate. Using the following equation, the intracellular concentration was determined from the lysate concentration and the OD 600 measurements for each sample.
Approximate values were used for the cell concentration as a function of OD 600 (8 × 10 8 cells per OD 600 ) and for the E. coli cell volume (0.6 fL).
Protein expression and purification. For confirmation of PylS mutants with mutual orthogonality, E. coli strain-DH10B-bearing plasmid pBAD_pylT_sfGFP TAG150 was electroporated with plasmid pBk-PylS bearing a PylS mutant. A single colony was derived and used to inoculate 5 mL of LB supplemented with 50 µg mL −1 ampicillin and 7.5 µg mL −1 tetracycline. The bacterial culture was incubated at 37 °C for 16 h. OD 600 was monitored, and the culture was used to inoculate two fresh cultures at OD 600 = 0.1. Each of the two inoculated cultures contained 20 mL LB supplemented with 50 µg mL −1 ampicillin and 7.5 µg mL −1 tetracycline. The cultures were incubated at 37 °C until OD 600 reached 0.3, and one culture was supplemented with the relevant non-natural amino acid to a concentration of 1 mM. The cultures were incubated at 37 °C for 20 min, and 200 µg mL −1 L-arabinose was added.
Culture incubation continued at 37 °C for 6 h. OD 600 and green fluorescence (λ ex = 485 nm, λ em = 520 nm) readings were taken using a M200 Pro Plate Reader (Tecan). Cultures were centrifuged at 4 °C, 4,000 r.p.m. for 20 min. Supernatant was discarded, and the pellet was resuspended in 800 µL PBS and transferred into microcentrifuge tubes. The suspensions were centrifuged at 4 °C, 10,000 r.p.m. for 10 min. Supernatant was discarded, the pellet was resuspended in 800 µL PBS, and the suspensions were centrifuged at 4 °C, 10,000 r.p.m. for 10 min. Supernatant was discarded, and 800 µL lysis buffer (1 mg mL −1 lysozyme (Sigma-Aldrich), 0.1 mg mL −1 DNAse I (Sigma-Aldrich), 20 mM imidazole, cOmplete Protease Inhibitor Cocktail (Roche)) was added to each pellet. Lysis occurred by incubation at 25 °C, 1,000 r.p.m. for 1 h. Lysates were centrifuged in a tabletop centrifuge at 4 °C, 10,000 r.p.m. for 30 min. During centrifugation 100 µL Ni-NTA Magnetic Agarose Beads (Qiagen) were washed three times in 800 µL wash buffer (50 mM Tris, 300 mM NaCl, and 20 mM imidazole) by binding the beads to a magnetic rack and discarding the unbound liquid. Each lysate supernatant was transferred to 50 µL prewashed Ni-NTA Magnetic Agarose Beads and incubated at 4 °C, 30 r.p.m. for 16 h. Lysates were transferred to a magnetic rack, and the unbound fraction was discarded. Beads were washed three times with wash buffer. For elution, the beads were incubated with 50 µL elution buffer (wash buffer supplemented with 300 mM imidazole) and separated from the eluted fraction on the magnetic rack. Elution was repeated a second time to yield a total of 100 µL per sample. For SeptRNA v1.0 CUA library hits validation, pNHD_sfGFP 150TAG was cotransformed into DH10B cells with SeptRNA v1.0 CUA mutant and pCDF_SepRS v1.0 _EFSep or pCDF_EFSep. For pThrRS hits validation, pNHD_sfGFP 150TAG was cotransformed into DH10B ∆serC cells with pCDF_OXB18-PduX_EFSep and SepRS(317-321) mutant. The transformed cells were spread onto LB plates, and a single colony was picked and inoculated into LB for overnight (1) (1) incubation. 0.5 ml overnight culture was diluted into 25 ml fresh LB supplemented with 1 mM IPTG and grown until OD 600 = 0.6, and L-arabinose was added to a final concentration of 0.2%. Cells were incubated at 37 °C for 16 h and then pelleted.
For overexpression of sfGFP incorporating 2, BL21 (DE3) ∆serC cells were transformed with pNHD_sfGFP 150TAG and pUC_pThrRS_SeptRNA v2.0 CUA _OXB20-PduX_EFSep or pUC_ pThrRS_SeptRNA v2.0 CUA _EFSep. We picked a single colony and inoculated LB for overnight incubation. 5 ml overnight cultures were diluted into 250 ml fresh LB and grown until OD 600 = 0.6, and 1 mM IPTG together with 1% L-arabinose was added. Cells were incubated at 37 °C for 3 h and then pelleted.
To lyse cells, 5 ml Bugbuster Protein Extraction Reagent (Novagen) was used to resuspend the cell pellet, and the resuspended cells were incubated on ice for 30 min. Cell debris was then pelleted by centrifuging at 26,000 g for 30 min at 4 °C. NaCl was added to supernatant to 500 mM and imidazole was added to 20 mM. Then, the supernatant was incubated with 0.3 ml Ni-NTA resin (Qiagen) for 1 h at 4 °C with end-to-end rotation. After binding, the resin was transferred to 10 ml Poly Prep Column (Bio-Rad) and allowed to settle. The resin was then washed with 3 × 10 ml washing buffer (50 mM HEPEs pH = 7.5, 500 mM NaCl, 20 mM imidazole, and 1.4 mM β-mercaptoethanol). The bound protein was then eluted with 1 ml elute buffer (50 mM HEPEs pH = 7.5, 50 mM NaCl, 300 mM imidazole, and 2 mM DTT). The eluted protein was dialyzed against buffer (20 mM HEPEs pH = 7.5, 25 mM NaCl, 2 mM DTT) overnight and was further purified by anion exchange chromatography using a HiTrap Q HP column (AKTA explorer). Pure fractions were confirmed by SDS-PAGE and were pooled and concentrated. The entire purification process was carried out at 4 °C. An aliquot of the protein was boiled in LDS sample buffer and analyzed by SDS-PAGE (4-12% gel). The protein gel was visualized by InstantBlue staining.
For overexpression of ubiquitin incorporating 2, BL21 (DE3) ∆serC cells were cotransformed with pNHD_Ub 12TAG or pNHD_ Ub 66TAG and pUC_pThrRS_SeptRNA v2.0 CUA _OXB20-PduX_EFSep or pUC_pThrRS_SeptRNA v2.0 CUA _EFSep. We picked a single colony and inoculated LB for overnight incubation. 20 ml overnight culture was diluted into 1 l fresh LB and grown until OD 600 = 0.6, and 1 mM IPTG was added. Cells were further incubated at 37 °C for 6 h and pelleted before purification as described 13 .
For overexpression of Cdk2 and Cdk2D145N, BL21(DE3) cells were transformed with pNHD_Cdk2-His6 or pNHD_Cdk2 D145N -His6. We picked a single colony and inoculated LB for overnight incubation. 20 ml overnight culture was diluted into 1 l fresh LB and grown until OD 600 = 0.6, and 0.2 mM IPTG was added. Cells were further incubated at 37 °C for 4 h and pelleted. For overexpression of Cdk2 160TAG and Cdk2 D145N/160TAG , pNHD_Cdk2 160TAG -His6 or pNHD_Cdk2 D145N/160TAG -His6 was cotransformed with pUC_pThrRS_SeptRNA v2.0 CUA _OXB20-PduX_EFSep into BL21(DE3) ∆serC ∆ycdX cells. We picked a single colony and inoculated LB for overnight incubation. 20 ml overnight culture was diluted into 1 l fresh LB and grown until OD 600 = 0.6, and 1 mM IPTG was added. Cells were further incubated at 37 °C for 6 h and then pelleted.
To purify recombinant Cdk2-His6 proteins, a cell pellet from 1 l culture was resuspended in 20 ml lysis buffer (50 mM Tris-HCl pH = 8.0, 300 mM NaCl, 20 mM imidazole, 50 µg/ml DNase1, 1.4 nM β-mercaptoethanol, supplemented with cOmplete Protease Inhibitor Cocktail Tablet (Roche)). Cells were lysed by sonication (40% energy input, 4 min with 5 s pause after every 5 s sonication). The lysate was clarified by centrifugation at 39,000 g for 30 min and filtration through a 0.4 µm polyethersulfone (PES) membrane. Ub was purified using nickel affinity chromatography (HisTrap HP column, GE Healthcare) with a linear gradient of imidazole (30-500 mM). Fractions containing Cdk2-His6 protein were pooled and dialyzed against buffer A (20 mM Tris-HCl pH = 8.0, 50 mM NaCl, 1 mM DTT) overnight at 4 °C. Then, the protein was passed through HiTrap Q column, and the flow through was directly loaded onto HiTrap S column (GE Healthcare). The protein was then eluted with a linear gradient of 50-1,000 mM NaCl. Pure fractions were analyzed by SDS-PAGE, pooled, concentrated, snap frozen in liquid nitrogen, and stored at −80 °C.
GST(TAG)CaM read-through assay.
For expression of GST(TAG)CaM incorporating pSer, DH10B ∆serB cells were transformed with a pKW vector containing SepRS/tRNA CUA and EF-Sep and a pRSF vector containing riboQ1 rRNA and GST(TAG)CaM downstream of an orthogonal ribosomal binding site (o-GST(TAG)CaM); or a pRSF vector containing GST(TAG)CaM downstream of a wild type (WT) ribosomal binding site (GST(TAG)CaM) as described earlier 13 . For expression of GST(TAG)CaM incorporating pThr, DH10B ∆serC cells were transformed with a pUC vector containing pThrRS/tRNACUA, PduX, and EF-Sep together with the relevant pRSF vector.
For each cell, we picked a single colony and inoculated LB for overnight incubation. 0.5 ml overnight culture was diluted into 25 ml fresh LB and grown until OD 600 = 0.3, and 1 mM IPTG was added. Cells were further incubated at 37 °C for 4 h and pelleted. Cells were lysed by resuspending in 1 ml Bugbuster solution supplemented with 1 mM DTT and 50 µg/ml DNase 1 and incubating at RT for 30 min. After pelleting at 17,000 g for 20 min, the supernatant was transferred to incubate with 100 µl pre-equilibrated glutathione resin. After incubation for 30 min at RT, resin was washed five times with 1× PBS supplemented with 1 mM DTT. After the last wash, proteins were eluted by incubating in 200 µl 1× PBS with 15 mM reduced glutathione. All eluted samples were then normalized by OD280 readings, boiled in LDS sample buffer, analyzed by SDS-PAGE, and visualized by InstantBlue staining.
Crystallographic Analysis of Ub (pThr12). Purified Ub (pThr12) in 20 mM Tris (pH = 7.4) was crystallized at 11.5 mg/ml in a sitting-drop setup using the vapor diffusion method. Crystals grew in 20% (w/v) PEG 1K, 20% (v/v) ethanol, and 100 mM phosphatecitrate (pH = 4.2). Data were collected at the ID-23.1 beamline at the European Synchrotron Radiation Facility (ESRF). The structure was determined by molecular replacement in Phaser 39 using a search model of Ub (PDB: 1UBQ 40 ) that lacked the last five flexible C-terminal residues. Model building was carried out in Coot 41 . Refinement was performed using Phenix 42, 43 and REFMAC5 44 . The final statistics are shown in Supplementary Table 2.
Cdk2 kinase assay. Cdk2 kinase assay reactions were set up according to manufacturer protocol of ADP-Glo kinase assay (Promega). Basically, each 25 µl reaction contains 1× kinase buffer (40 mM Tris-HCl pH = 7.4, 20 mM MgCl 2 , 0.1 mg/ml BSA, and 1 mM DTT), 1 µg Histone H1 (Sigma), 100 µM ultrapure ATP (Promega). 1,000, 500, 250, 125, 62.5, 31.25, 15 .625, or 0 ng Cdk2 WT -His6 or Cdk2 160TAG -His6 was then added to each reaction. Biological triplicates were performed at each concentration. Reactions were then incubated at 30 °C for 40 min, cooled down at RT for 10 min, and mixed with 25 µl ADP-Glo reagent. After 40 min incubation at RT, 50 µl kinase detection reagent was further added to each reaction and incubated at RT for 40 min. The luminescence for each reaction was then measured by Pherastar Plate Reader.
Electrospray ionization mass spectrometry and tandem mass spectrometry. Mass spectra for proteins were acquired and analyzed as previously described 13 .
Processing of raw deep-sequencing data. Processing of raw deepsequencing reads was performed using bespoke scripts, available on request, written in the programming language Python. Each paired-end read was first trimmed to 141 nucleotides. Paired-end read 1 was concatenated with the reverse complement of pairedend read 2. The assembly was matched using regular expressions against a pattern specifying the expected sequence string with degeneracy specified for the sequence barcode and for each library site. For matching sequences, the degenerate sites were extracted and collected into a comma-separated file together with the detected barcode ID.
An m × n counts table N of m unique mutants in n conditions was constructed. Each entry k ij corresponded to mutant i in condition j. To identify the m mutants and their corresponding read counts, all unique rows in the comma-separated file were collected and counted. 
In the formula, x and y stand for the mean values of vectors x and y, respectively. The coefficient R takes values in the range between −1 (for negatively correlated data sets) and +1 (for positively correlated data sets).
Correlation of ≥2 replicates, R mult . A coefficient denoted R mult was calculated on the basis of variation explained by the principal components (PCs) of an m × n read counts table N of m mutants measured in n replicates. The coefficient R mult represents the ratio of the variation explained by PC1 to the sum of variation explained by all principal components PC 1 …PC n , scaled to a range of R mult = {0…1}. Principal component analysis (PCA) was performed using the Matlab R2014a software (Mathworks) function princomp. The output variable latent contained vector  l with Eigenvalues {λ 1 …λ n } of the covariance matrix of N. The Eigenvalues corresponded to the share of variation explained by each PC. The ratio of the variation explained by λ 1 against the sum of all Eigenvalues was calculated and gave ν 1 : The coefficient R mult can be used to assess variation in data sets consisting of any number of replicates. Given a data set of identical replicates, R mult = 1. If, however, the replicates differ, some of the variation will be attributable to the measurement noise. The sum of {λ 2 …λ n } will be greater than 0, and R mult will take values such that 0 < R mult < 1.
Testing for differential enrichment between selection conditions. The DESeq algorithm 45 was implemented in the Matlab R2014a (Mathworks) software using instructions provided online (http://uk.mathworks.com/help/bioinfo/examples/identifyingdifferentially-expressed-genes-from-rna-seq-data.html). The resulting P values were corrected for multiple testing using the procedure by Benjamini and Hochberg, which yielded the false discovery rate (FDR) 46 .
Receiver operating characteristic. A contingency table or classification table reported the outcomes of two categorical response variables X and Y. As an example, the responses in X could report the measured, true phenotypes of an aminoacyl-tRNA synthetase mutant (given by activity and substrate selectivity); and the responses in Y could report the deep-sequencing-based outcomes of statistical testing, thresholded for significance. An example of a contingency table is provided in Supplementary Table 4 . Responses are then classified into true positives, false positives, true negatives, and false negatives depending on the congruency of variables X and Y.
Specificity and sensitivity were calculated as follows.
Sensitivity True positives
True positives + false negatives = (
Specificity True negatives
True negatives + false positives = ( )
Sensitivity is the ratio of true positives over all positives (including those that were detected as false negatives), and specificity is the ratio of true negatives over all negatives (including those that were detected as false positives).
To determine the ROC plot (Supplementary Fig. 13 ), FDR thresholds (as determined by the DESeq method) were used to determine response Y and thresholded ratios of fluorescence in presence versus absence of 3 represented response X. Sensitivity and specificity were calculated for a range of FDR thresholds as determined using the DESeq method; FDR = 10 −n , with{0 ≤ n ≤ 100}. The ROC was evaluated for three different fluorescence threshold ratios: 2×, 10×, 20×. Code availability. The bespoke scripts used in the current study for processing raw sequencing reads are available from the corresponding author on reasonable request.
Data availability statement. The data sets generated during the current study are available from the corresponding author on reasonable request. The sequences of all selected synthetases are available in Supplementary Table 1 . The sequences of all plasmids are provided in Supplementary Data Set 1 and are available from the authors by request. The structure of Ub (pThr12) has the PDB ID 5NVG.
